Abstract. Sensorineural hearing loss is the most common type of hearing loss worldwide, yet the underlying cause is typically unknown because the inner ear cannot be biopsied today without destroying hearing, and intracochlear cells have not been imaged with resolution sufficient to establish diagnosis. Intracochlear imaging has been technologically challenging because of the cochlea's small size and encasement in bone. We report, for the first time, imaging of the mouse cochlea in situ without exogenous dyes, through a membranous round window, using a near-infrared femtosecond laser as the excitation and endogenous two-photon excitation fluorescence (TPEF) and second harmonic generation as the contrast mechanisms. We find that TPEF exhibits strong contrast allowing cellular, and even subcellular resolution, and detection of specific, noise-induced pathologic changes. Our results demonstrate that the round window provides a useful access to the cochlea through the middle ear, and they motivate future development of a new and efficient diagnostic tool based on two-photon micro-endoscopy. © The Authors.
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Introduction
Hearing loss is the most common sensory deficit in the world and the most common congenital anomaly. 1 The most frequent type of hearing loss affects delicate mechanosensory and neural structures inside the inner ear and is known as sensorineural hearing loss (SNHL). For the vast majority of people with SNHL, the underlying cause is not known because the inner ear cannot be biopsied today without destroying hearing, and clinically used computed tomography (CT) and magnetic resonance imaging (MRI) scans have insufficient resolution to establish cellular diagnosis. Consequently, therapeutics for SNHL are relatively crude and generalized. Intracochlear imaging has been technologically challenging primarily because of the limited access due to the surrounding bone and because of small and narrow cochlear chambers.
There are two natural openings into the inner ear: the round and oval windows. The round window is covered by a membrane that oscillates with opposite phase to vibrations entering the inner ear through the oval window, which articulates with the bony stapes. Most hearing loss, including noise-induced and age-related hearing loss, starts and is most prominent in the cochlear region close to the round window. Accessing the round window has been of intense interest for vibratory transducer implants, 2 intra-tympanic drug delivery, 3, 4 and cochlear implants. 5 Optical techniques are particularly well-suited for imaging of the delicate intracochlear structures because they offer a significantly higher spatial resolution and lower cost compared with CT 6 and MRI 7 scans. Recently, optical techniques of confocal fluorescence microscopy 8 and optical coherence tomography 9, 10 have been applied to the cochlea. Confocal microscopy is advantageous for its high resolution and deep penetration depth, yet disadvantageous for the necessity of exogenous labeling. The exogenous dyes or antibodies may result in tissue deformation and artifacts, thus limiting interpretation of the results. Two-photon excitation fluorescence (TPEF) microscopy 11 is a nonlinear optical imaging technique with important advantages over conventional confocal microscopy. [12] [13] [14] [15] Because of the near-infrared excitation wavelength, TPEF microscopy provides a much deeper penetration, reduced photo-damage, and improved detection sensitivity while maintaining a spatial resolution comparable with confocal microscopy, making it particularly suitable for imaging inside tissues. 16, 17 TPEF microscopy has been widely used in biology and medicine, including imaging of brain tissue, 18 lymph nodes, 19 and blood flow. 20 Recently, TPEF microscopy has been used to study the metabolic state of the organ of Corti through the native emission of nicotinamide adenine dinucleotide (NAD) by viewing a small region through a hole drilled in the cochlear bone. 21 In this paper we show that two-photon microscopy through the round window provides high-quality images of intracochlear cells, including sensory hair cells and cochlear neurons. We use near-infrared femtosecond laser as the excitation and endogenous TPEF and second harmonic generation (SHG) as the contrast mechanisms to image intracochlear cells without any exogenous labeling and without physically opening the cochlea. These images reveal tissue structures at the cellular level resolution with excellent signal-to-noise ratio. Our imaging strategy has important implications for speedy translation to clinics because the use of exogenous fluorescent dyes is highly constrained, and the use of transgenic fluorescent proteins is not yet allowed in clinics. Moreover, the assessment of damage based on morphology is more robust compared to the measurement of fluorescence intensity or spectral composition. Our results show clear advantages over imaging techniques based on one-photon processes. The quality of the TPEF-based images and the lack of need for staining or decalcification lead to great potential for new and efficient diagnostic tools for hearing loss if a TPEF-based approach is implemented using a fiber-based twophoton microendoscopy.
Materials and Methods

Animal Groups and Acoustic Overexposure
Male mice of the CBA/CaJ strain were used in this study. Six-week-old mice (N ¼ 12) were exposed to an octave band noise of 8 to 16 kHz at 106 dB SPL for 2 h. This noise is known to cause permanent cellular damage, which is maximal close to the round window and decreases from cochlear base to apex. Animals were unrestrained during noise exposure within cells in a subdivided cage (1 animal∕cell). The cage was suspended in a small, reverberant chamber, directly below the horn of the sound-delivery loudspeaker, as previously described. 22 Noise calibration to target SPL was performed immediately before each exposure session. Unexposed ageand sex-matched mice served as controls (N ¼ 12).
All animal procedures were approved by the Animal Care and Use Committee of the Massachusetts Eye and Ear Infirmary and Ecole Polytechnique Federale de Lausanne.
Cochlear Extraction
The noise-exposed and control mice were sacrificed two weeks after the exposure to allow the wound in the acoustically traumatized organ of Corti to heal so as to bring out permanent, irreversible changes. This mimics the condition that is typically encountered in clinics, where people present with permanently wounded rather than freshly wounded cochleae. The animals were intracardially perfused with 4% paraformaldehyde in 0.1 M phosphate buffer. The left inner ears were extracted [ Fig. 1(a) ], stored in 4% paraformaldehyde at room temperature, and imaged within a week of harvest to ensure a strong signal. The right ears were extracted and processed as described in Sec. 2.4.
A separate group of 8-week-old unexposed animals (N ¼ 10) was sacrificed, and their cochleae were extracted without using intracardiac or intracochlear fixatives. These unstained cochleae were imaged within 5 min of extraction to determine endogenous TPEF without chemical fixatives.
Two-Photon Microscopy of the Cochlea In Situ
The round window was used as the optical access for twophoton imaging of the intracochlear structures in situ, without opening or slicing the cochlea. The inner ears were mounted in an elastic mold made of 1% agarose in water and oriented with the round window facing the microscope objective.
The two-photon images were acquired using a Leica SP5 multiphoton microscope system equipped with a mode-locked Ti:Sapphire laser (Coherent Chameleon) as the light source. The excitation wavelength was 812 nm, and the pulse width was 140 fs. The TPEF and SHG signals were collected in a reflective configuration through the same microscope objective (Leica HCX APO 20 × 1.0 water immersion). After a 680-nm shortpass filter to eliminate the excitation light, the signals were sent to two photomultiplier tubes (PMTs) for simultaneous TPEF and SHG detection through bandpass filters centered at 525 nm (50 nm bandwidth) and 406 nm (10 nm bandwidth), respectively. The average excitation power measured at the focal plane was ∼10 mW resulting in a peak intensity of approximately 7 × 10 11 W∕cm
2
. The pixel dwell time was chosen between 2 and 8 μs according to the signal intensity from different types of samples. For all images, intensities were averaged over eight consecutive frames.
The TPEF images were compared with the images obtained using Zeiss LSM 700 under both one-photon excitation fluorescence (OPEF) confocal microscope and wide-field transmission microscope modes. In the OPEF confocal microscopy, the excitation wavelength was 405 nm, and the emission wavelength was 500 to 550 nm. In both imaging modes, the objective used was a Zeiss N-achromat 20 × 0.5 NA water immersion objective. 
Histologic Preparation of Cochlear Sections
The right inner ears were removed, postfixed, decalcified in 0.1 M EDTA, dehydrated, embedded in paraffin, serially cut (10 μm thickness) and mounted on microscope slides. Select ears were stained with 1% osmium tetroxide prior to decalcification, embedded in Araldite and serially sectioned (20 μm thickness), as previously described. 23 
Results and Discussions
To evaluate the effectiveness of TPEF as an intrinsic contrast for the imaging of the organ of Corti, we first imaged a paraffinembedded histologic section using TPEF and compared it to the wide-field transmission microscopy image of a similarly oriented, osmium-stained section (Fig. 2) . The main structures of interest, namely the inner and outer hair cells (marked in red and green dashed circles, respectively), are clearly revealed in the TPEF image.
Using the round window as the optical access, we next obtained TPEF images of the intracochlear structures in situ, without decalcifying or sectioning the cochlea, as shown in Fig. 3(a) . We compared them with the images obtained using OPEF and wide-field transmission microscopy with the same magnification, as displayed in Fig. 3(b) and 3(c) , respectively.
The resolution of the TPEF and OPEF images is ∼350 nm, while the resolution of the wide-field transmission microscopy is ∼375 nm. This is roughly equal to the images we can expect to obtain using microendoscopy-based imaging with the same NA from the middle ear space. Rows of hair cells are seen with sharp details and high signal-to-noise ratio (SNR) when TPEF is used [ Fig. 3(a) ]. The OPEF image demonstrates fewer details and a lower SNR [ Fig. 3(b) ], due to linear dependence of excitation/emission, instead of the square dependence in TPEF. The wide-field transmission image is blurry [ Fig. 3(c) ], mainly due to the lack of axial resolution (optical sectioning) and strong scattering from the surrounding bone. The image contrast, defined as the ratio of the mean intensity of the hair cell region to the mean intensity of the imaging plane 10 μm above the hair cell, are ∼4 and ∼2 for TPEF and OPEF images, respectively. The SNR, defined as the ratio of the mean intensity of the hair cell region to the standard deviation of the background in the peripheral area of the same imaging plane, is ∼20 and ∼10 for TPEF and OPEF images, respectively. The organ of Corti region is about 500 μm below the plane of the round window. The round window opening has a diameter of ∼700 μm. The resulting viewing angle onto the organ of Corti through the round window is ∼ AE 44 deg. The collection angles of the objectives used for TPEF and OPEF are ∼ AE 49 deg and ∼ AE 25 deg, respectively. The TPEF objective used is better than the OPEF objective in the efficiency of signal collection. This might also contribute to the dimmer signal in the OPEF images. However, since the signal levels in all three cases are much stronger than the detector noises, we believe that the optical sectioning capability of TPEF is the major contributor to the enhanced image quality compared to OPEF.
The images shown in Fig. 3 were obtained from fixed cochlear samples. An advantage of fixed samples is that tissue degradation is halted so that imaging approaches can be developed and optimized ex vivo before eventual studies in vivo. Although the paraformaldehyde fixative that we used is known to be superior to other fixatives in preserving cell fluorescence while limiting background fluorescence, 24 the fixative can nonetheless be fluorescent. To determine if the recorded TPEF was indeed endogenous and not accidental due to the fixative, we imaged freshly harvested, unfixed cochleae. A representative result obtained within 5 min of cochlear extraction is shown in Fig. 4 . The image shows the same hair cell structures as observed in the fixed samples shown in Fig. 3 from a different viewing angle. The intensity of the fluorescence is brighter in the freshly harvested, unfixed samples than in the fixed samples. Encouraged by the finding that the observed TPEF signal in the fixed samples is primarily due to endogenous TPEF, we pursued further studies in the fixed samples. Figure 5 shows the TPEF images of the organ of Corti obtained through the round window of an intact cochlea. To better visualize the overall three-dimensional (3-D) structure, we recorded a stack of images in a volume and render them using maximum intensity projection (MIP) when necessary. This simple approach revealed a clear distinction between healthy and noise-damaged organ of Corti. The images were obtained at location 1 schematized in Fig. 1(c) . Figure 5(a) shows an MIP of the 3-D image stack of the entire hook region. Figure 5 (b) through 5(d) shows images of three selected planes with 10 μm distance from each other. TPEF from most cellular tissues exhibits strong contrast, based on which hair cells and supporting cells are clearly identifiable. Due to its weak intrinsic fluorescence, the stereocilia on the apical surface of the hair cell are not visible in the images. The appearance and quality of the TPEF images is similar to the images of cochlear whole-mounts. Despite the resemblance, we emphasize that our images were acquired from intact cochleae through the round window. Indeed, an important strength of our approach is that high resolution images of the organ of Corti can be obtained through the round window of an intact cochlea without the invasiveness and terminal nature of whole-mount preparations. The SHG channel is likely from the myelin sheath surrounding neuronal axons between neuronal somata. 25 Noise-exposed cochleae were imaged in the same orientation for comparison. Figure 5 (e) is a maximum intensity projection (MIP) of the 3-D image stack of the entire hook region. Figure 5 (f) through 5(h) shows images of three selected planes with 10 μm distance. Substantial damage and loss of hair cells were evident after noise exposure. Outer hair cells, which are known to be most sensitive to noise trauma, were missing altogether [ Fig. 5(g ) and 5(h)] while inner hair cells were decimated [ Fig. 5(g) and 5(h) ]. The SNR for all these images are ∼20. Assessment of cochlear regions away from the round window is provided in appendix, including Figs. 6 and 7.
TPEF microscopy was also capable of imaging cochlear neurons at the cellular level through the encasing cochlear bone instead of through the round window (Fig. 8) . The TPEF channel (red) reveals the neural somata, the average size of which is ∼25 μm, approximately three to four times bigger than the hair cells. This leads to an opportunity to diagnose hearing problems of neural origin.
Our finding of substantial TPEF in cochlear hair cells is consistent with the previous reports. 21, [26] [27] [28] A major endogenous fluoropore in the inner ear is flavin adenine dinucleotide, 28, 29 whose peak of emission (∼520 nm) coincides with the TPEF signal that we recorded. Our results, combined with the fact that the sensory epithelium of the inner ear has one of the highest tissue concentrations of flavin adenine dinucleotide known, strongly motivate future development of TPEF-based microendoscopy for cellular diagnosis of sensorineural hearing loss. Fig. 1(c) ] of unexposed (a-d) and noise-exposed (e) through (h) cochleae. A maximum intensity projection (MIP) of a x-y-z 3D scan of the entire hook region (a) and (e) and x-y scanning images of three different planes with 10 μm distance (b) through (d) and (f) through (h) are shown. In all panels, the red channel is TPEF, and the green channel is endogenous SHG. The scale bar is 50 μm and the pixel size is 170 nm. The asterisk points to the three rows of outer hair cells (c) and (d), which are missing in the noise-exposed cochleae (g). The arrowhead points to the row of inner hair cells (c), which are decimated after noise exposure (g) and (h).
Conclusion
We have investigated TPEF imaging through the round window of the mouse cochlea as a potential diagnostic tool for sensorineural hearing loss. The use of TPEF eliminates the need for exogenous labeling and provides the maximum noninvasiveness in the process. We find that the TPEF yields clear advantages over OPEF and wide-field transmission microscopy. Our experiments reveal fine cellular structure of the hair cells and allow morphological distinction between healthy and damaged organs of Corti. Furthermore, cochlear neurons have been imaged through the intact bone. Combined, these capabilities provide a working foundation for microendoscopy-based clinical diagnostics of sensorineural hearing loss.
Appendix
Imaging through the round window limits diagnostics to the hook region of the organ of Corti, which is the most probable place for the initiation of the sensorineural damage. Decalcification made the cochlear bone transparent, allowing visualization of the basal and apical cochlear turns through the cochlear bone. To assess noise-induced damage along the length of the cochlea, the cochlear bone was decalcified in 80% formic acid and 20% trisodium citrate for 3 h. After decalcification, the penetration depth improved from ∼100 μm to ∼2 mm (limited by the working distance of the microscope objective).
The surface view of the upper basal turn was achieved from the brain side of the cochlea [location 2 marked in Fig. 1(c) ]. disarrayed after noise trauma [ Fig. 6(d)] , only a small portion of them are torn off from the basilar membrane in the upper basal turn. The apical turn of the decalcified cochlea demonstrates no noise-induced loss of hair cells (Fig. 7) , consistent with the noise parameters we used. The sample was oriented with the apex of the cochlea perpendicular to the microscope objective [location 3 as marked in Fig. 1(c) ] in order to achieve a surface view (Fig. 7) .
